The authors show that the electron mobility can be strongly enhanced in AlN / GaN / AlN heterostructures with the shallow In x Ga 1−x N channel-nanogroove-in the middle of the potential well. The modified heterostructure has the room-temperature electron mobility, which is five times larger than that in conventional quantum wells. The maximum mobility enhancement is achieved for In content x Ϸ 0.05, which is sufficient to weaken the intersubband electron scattering without leading to the substantial electron-interface-phonon scattering. The mobility enhancement is pronounced for a wide range of the carrier densities ͑10 11 -10 13 cm −2 ͒, which is important for GaN technology.
Very recently, indium nitride ͑InN͒ attracted a lot of attention after it was discovered by Davydov et al.
1 and confirmed by independent studies 2, 3 that its band gap is small, E G ͑InN͒ = 0.7 eV, contrary to the previously widely accepted value of nearly 2 eV. Although InN is rarely, if ever, used in devices in its binary form, when alloyed with GaN it forms a core constituent of the blue laser diode. In this letter we show that InGaN alloy utilized in electronic devices can substantially improve the room-temperature carrier mobility in wurtzite AlN / GaN / AlN heterostructures, which is limited by the polar optical phonons. Our approach for the mobility enhancement is based on the combination of the electron band-gap engineering and the phonon engineering ideas. 4 In the proposed heterostructure InN is used as an example of material, which is compatible with GaN and yet has much smaller band gap.
We consider a narrow groove made of In x Ga 1−x N ͑with small In content x͒ inside a wurtzite AlN / GaN / AlN heterostructure, which forms a quantum well ͑QW͒. The resulting steplike profile of the confining potential is shown in Fig. 1 . To demonstrate the effect we compare the electron drift mobility in the reference AlN ͑3 nm͒ / GaN ͑8 nm͒ / AlN ͑3 nm͒ QW and in QW with 2 nm wide nanogroove, i.e., AlN ͑3 nm͒ / GaN ͑3 nm͒ /In x Ga 1−x N ͑2 nm͒ / GaN ͑3 nm͒ / AlN ͑3 nm͒. A well-known feature of wurtzite heterostructures is a strong buit-in electric field due to the induced and spontaneous polarizations. 5 The induced and spontaneous polarizations appear, correspondingly, as a result of the lattice constants mismatch at the GaN/AlN interface and the absence of inversion symmetry. The polarization is directed along c axis of a wurtzite crystal. The strength of the induced polarization depends on the AlGaN alloy composition, layer thickness, surface quality, and the growth process. The value of the built-in field can reach several MV/cm. 6 The built-in field tilts the band diagram and creates a triangular potential well, which localizes the charge carriers. We carried our calculations for two values of the built-in field F = 600 KV/ cm and F = 1000 KV/ cm. 6 The conduction band offset at GaN / AlN interface was estimated as E QW = 0.7͑E G ͑AlN͒ − E G ͑GaN͒͒ = 1918 meV. The nanogroove does not confine the electron wave function ͑w.f.͒ but affects its position in the confining AlN / GaN / AlN QW. The depth of the nanogroove is calculated as
where b is the bowing parameter and E G ͑InN͒ = 0.78 eV. 7 The reported values of the bowing parameter for InN vary from 1 to 4.5 eV, depending on the In content x. 7 We should note though that for all values of b from this interval we can obtain a nanogroove deep enough for our purposes. In the calculations, we used b = 3 eV reported in Refs. 8 and 9 for In x Ga 1−x N with x Ͻ 0.2. The electron energy spectrum and w.f. have been found by solving Schrodinger equation using the standard finite-difference method.
Analysis of Fig built-in field, in the conventional AlN / GaN / AlN QW the electron w.f. is squeezed to one of the AlN / GaN interfaces. In QW with In x Ga 1−x N nanogroove, the increase in In content leads to the electron w.f. ͑and probability density͒ shift to the middle of QW, thus, among other things, reducing the electron-interface-optical-phonon interaction. For x changing from 0 to 0.02, the nanogroove depth increases but the energy difference ⌬ 21 = 2 0 − 1 0 between the ground ͑ 1 0 ͒ and the first excited ͑ 2 0 ͒ electron states reduces ͑see Table I͒ . As x continues to grow, the ⌬ 21 trend reverses since the electron w.f. becomes more localized; the shift closer to the QW center continues. For x = 0.03 the w.f. maximum is almost exactly in the middle of the well. The energy ⌬ 21 , the energy difference between 2 0 , and the Fermi level E F for different x and two values of the built-in field F are listed in Table I to elucidate the trends. The data are presented for the temperature T = 300 K and practically relevant electron concentration N s =5ϫ 10 12 cm −2 ͑degenerate electron gas͒. We have calculated the drift electron mobility ͑T͒ using the equation obtained by extending the standard formalism 10 to include the intersubband transitions
where f 0 ͑͒ is the Fermi distribution, m * is the effective mass, e is the electron charge, k B is Boltzmann's constant, 1 ͑͒ is the kinetic relaxation time of an electron with energy in the first ͑ground͒ subband, which includes electron transitions within the fist subband ͑1 ↔ 1͒ and transitions from the first to the second subband ͑1 → 2͒, and 2 ͑͒ is the kinetic relaxation time of an electron in the second subband, which includes transitions from the second to the first subband ͑2 → 1͒ and the transitions within the second subband ͑2 ↔ 2͒. The kinetic relaxation times 1 and 2 have been obtained from numerical solution of the system of two integral equations, which we obtained by generalization of the Boltzmann transport equation 11 for intersubband transistions. Moreover, while solving these equations, we took into account the dispersion of optical phonons.
The reason for extra efforts on treatment of intersubband transistions is the following. For practically relevant temperature and carrier densities, the energy difference 2 0 − E F is smaller than the optical phonon energy, which facilitates electron transitions to the excited state 2 0 . Thus, Eq. ͑1͒ takes into account all relevant electron scattering transitions, i.e., 1 ↔ 1, 1 ↔ 2, and 2 ↔ 2. In order to obtain accurate results for the mobility, we have evaluated matrix elements for the electron interaction with both confined ͑C͒ and interface ͑IF͒ polar optical phonons. The Hamiltonians for electron interaction with C and IF phonons have the form Ĥ IF,C = ͚ q,␣ V ␣;IF,C ͑q , z͒͑b ␣ ͑q͒ + b ␣ † ͑−q͒͒e iqr , where i is the imaginary unit, q is the phonon vector, r is the twodimensional radius vector, b ␣ ͑q͒͑b ␣ † ͑q͒͒ is the annihilation ͑creation͒ operator, and V ␣;IF,C ͑q , z͒ is the optical phonon potential for ␣th IF or C phonon mode, which was taken from Ref. 12 . The values of the optical phonon frequencies in wurtzite GaN and AlN materials required for the calculations can be found in Ref. 13 .
The phonon engineering aspect of our analysis is electron interaction with the interface phonons at the nanogroove boundaries. The In x Ga 1−x N nanogroove has been introduce to push the electron w.f. away from the AlN / GaN interface, In content x = 0.07 for small q and the lowest symmetric ͑S͒ and antisymmetric ͑A͒ IF modes is smaller than 0.03. As a result, the reduction of the electron mobility due to the introduction of additional In x Ga 1−x N / GaN interfaces is below 1% for x = 0.07.
The room-temperature electron mobility , calculated as a function of x, is shown in Fig. 2 for three electron densities N s =10 11 cm −2 , N s =10 12 cm −2 , and N s =5ϫ 10 12 cm −2 . The initial mobility reduction in the interval 0 Ͻ x ഛ 0.02 is explained by the enhanced intersubband scattering due to the proximity of 2 0 and E F energy levels ͑see Table I͒ . Further increase of In content in the In x Ga 1−x N nanogroove ͑x ജ 0.04͒ leads to a gradual suppression of the intersubband transitions ͑via stronger w.f. localization͒, and weakens electron interaction with the AlN / GaN interface phonon modes owing to the w.f. shift to the QW center ͑see Fig. 1͒ . At the same time, electron interaction with the confined optical phonons starts to grow due to the increase of the electron density in the middle of QW. The interplay of these trends results in a achieving a maximum mobility for x in the range of 0.045-0.055. For x ജ 0.055, the mechanisms which led to the mobility enhancement ͑weakening of the intersubband transitions and suppression of the electron-interface-optical-phonon scattering͒ become less effective while increased localization of the electron w.f. results in growing strength of the electron interaction with confined optical phonons. The latter explains the mobility reduction for x Ͼ 0.055. In Fig. 2 we also show the electron mobility ͑dash-dotted curve͒, which was calculated assuming the intrasubband ͑1 ↔ 1͒ scattering only, and by completely neglecting ͑1 ↔ 2͒ and ͑2 ↔ 2͒ scattering transitions. As one can see, this curve strongly differs from the mobility calculated with all relevant scattering mechanisms ͑solid curve͒. This confirms that in the considered heterostructures the intersubband electron transitions play an important role.
In Fig. 3 we plotted the mobility enhancement factorratio of the electron mobility in the AlN / GaN / AlN QW with In x Ga 1−x N nanogroove to the electron mobility in the conventional AlN / GaN / AlN QW. The ratio, defined as R͑x , T͒ = ͑x , T͒ / ͑x =0,T͒, is plotted as a function of In content x and temperature T for the electron concentration of N e =5ϫ 10 12 cm −2 . The maximum enhancement R max is in the range from four to five for all considered temperatures. The intriguing result is that enhancement is preserved at elevated T ϳ 400 K and above, which is important for GaNbased high power-density devices. Since there are no experimental data on in similar AlN / GaN / AlN QW, the direct comparison is not possible. Our calculated values are understandably higher than the measured mobility in AlGaN / GaN heterostructure field-effect transistors ͑HFETs͒.
14,15 The difference is explained by different confining potentials, built-in fields, and higher concentration of defects, and intentional and unintentional dopants in realistic GaN HFET structures. The described enhancement via introduction of In x Ga 1−x N nanogroove is expected to work in the presence of the structural defects as well. The outlined approach for the mobility enhancement at room temperature and above might be useful for optimization of layout of the GaN-based high-power transistors. 
